A method of stretching optical fiber holds interest for measuring strain in smart structures where the physical displacement may be used to tune optical fiber lasers. A small, light weight, low power tunable fiber laser is ideal for demodulating strain in optical fiber Bragg gratings attached to smart structures such as the re-usable launch vehicle that is being developed by NASA. A method is presented for stretching optical fibers using the THUNDER piezoelectric actuators invented at NASA Langley Research Center. THUNDER actuators use a piezoelectric layer bonded to a metal backing to enable the actuators to produce displacements larger than the unbonded piezoelectric material. The shift in reflected optical wavelength resulting from stretching the fiber Bragg grating is presented. Means of adapting THUNDER actuators for stretching optical fibers is discussed, including ferrules, ferrule clamp blocks, and plastic hinges made with stereo lithography.
INTRODUCTION
Optical fibers can be used to measure strain and other parameters in smart structures. [1] [2] [3] [4] [5] [6] [7] [8] Tunable lasers have become widely used as a means of measuring gratings in optical fibers because they provide a variable wavelength output. One method of generating a variable wavelength output is by stretching an optical fiber laser. This paper describes a method of stretching an optical fiber 9 containing a Bragg grating to produce a shift in the reflected wavelength. This method holds promise because it may be used to tune an optical fiber laser in the same way it is shown herein to tune a grating.
The method described herein uses a piezoelectric device developed at NASA Langley Research Center. 10 This device is known as Thin Layer Composite Unimorph Ferroelectric Driver and Sensor (THUNDER). As a driver, it produces physical displacement and/or force in response to a varying applied controlled voltage. For this application, two actuators are used to pull at both ends of an optical fiber containing a Bragg grating in order to produce a shift in the reflected wavelength. When an optical fiber is stretched, by a pulling force that is applied to both its ends, the Bragg gratingÕs reflected light varies in spectral frequency and the variation in wavelength is a function of the force by which the ends of the optical fiber with grating are pulled apart. Figure 1 shows the sandwich-like layup of THUNDER actuators for which test results are presented in this paper. The metal base layer is a sheet of 301 stainless steel 0.1016 mm thick. The piezoelectric wafer is a sheet of PZT-5A 0.2032 mm thick. The top layer is a piece of aluminum foil 0.0254 mm thick. An electrode layer consisting of a narrow strip of stainless steel foil is placed on each side of the piezoelectric layer and is in electrical contact with the PZT-5A layer in the finished actuator to provide a means of applying drive voltage. A 0.0254 mm thick layer of polyimid adhesive [11] [12] that cures at 325 degrees C is placed between the base metal layer and the PZT-5A and another layer is placed between the PZT-5A and the aluminum top layer. Figure 1 Typical cross-sectional layup of a THUNDER actuator. Electrodes are added to provide a means of applying drive voltage permitting generation of the necessary electric field to the PZT-5A piezoelectric layer. The layers are bonded together using a polyimid adhesive which cures at 325 degrees C.
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Piezoelectric actuators
The PZT-5A sheet in Figure 1 is oriented to utilize the piezoelectric effect in the strip geometry 13 shown in figure 2. This geometry uses the d 31 piezoelectric strain coefficient producing displacement in the 1-direction (lengthwise) as a result of electric field in the 3-direction (through the thickness). Since d 31 is negative, strips always expand for a negative voltage applied as shown in Figure 1 . The THUNDER actuators shown in Figure 2 were manufactured by laying up a metal base sheet, PZT-5A sheet and aluminum foil sheet, each having dimensions of 2.38 cm wide and 6.03 cm long. The sandwich layup is placed on a flat surface, bagged and cured for 30 minutes in an autoclave at 325 degrees C using 0.689 Mpa pressure. The layers become bonded together at the cure temperature. When the layup is cooled to room temperature, it assumes a curved shape as shown in the actuator top view in Figure 2 . The characteristic curvature seen in Figure 2b comes about because the metal base plate has a larger coefficient of thermal expansion than does the PZT-5A and therefore shrinks more than does the PZT-5A when cooled. The aluminum foil top layer serves to make the actuators more rugged, while allowing the actuator to take the characteristic curved shape. An advantage of this manufacturing process which bonds the layers together at high temperature is that cooling to room temperature places the PZT-5A layer in a compressive prestressed condition which reduces the tendency for cracking. Actuators produced using this method have greatly improved output motion compared to that of the unbonded piezoelectric material.
Each actuator is polarized by applying 320 volts across the electrodes in the polarity direction shown in Figures 1 and 2 and holding for 2 minutes. Once poled, application of voltage in the same polarity causes the actuators to flatten (become less curved), resulting in an end-to-end displacement which can be used to stretch an optical fiber. These actuators offer advantages of being small and light weight. Another advantage is low power consumption required because this actuator design makes it a capacitive load. Figure 3 shows the optical fiber used in this experiment. The fiber is a single mode optical fiber and contains a Bragg grating written at 1550.2 nanometers. The fiber is coated with polyimid and has a 0.152 mm overall diameter including the coating. Stainless steel ferrules having 0.28 mm inside diameter and 0.36 mm outside diameter are bonded to the section of fiber on each side of the grating. The metal ferrules provide a rigid structure suitable for gripping by mechanical means. The ferrules were selected so as to allow a bond thickness of 0.076 mm to 0.127 mm which produces maximum bond strength for the adhesive used. The THUNDER actuators stretch the fiber, producing strain in the Bragg grating resulting in a shift in the reflected wavelength. The gauge length between the ferrules was chosen to be 4 cm because this is comparable to typical gauge length of erbium fiber lasers. Straining the Bragg grating in this fiber is expected to generate an optical wavelength shift similar to the shift that would be produced by straining the Bragg gratings and laser cavity in an erbium fiber laser if tested similarly. Gauge length between the ferrules is chosen to be comparable to that for a typical erbium fiber laser. Figure 4 is a diagram depicting the fiber stretcher hardware assembly used for tests in this paper. Two actuators were used together to increase stretching force and provide symmetry. Hinges for this stretcher are designed so that a pair of identical hinge-halves assemble together with a pin to form a hinge assembly to which a pair of THUNDER actuators attach. The ends of two THUNDER actuators fit into slots in the two hinge halves. This allows the actuator ends to rotate as the actuators flatten when driving voltage is applied, thereby producing a linear displacement at the hinge pin. Hinge-halves are designed so that each hinge assembly has room in the middle to fit an aluminum clamp block for transmitting hinge pin load to the fiber by clamping onto the ferrule. The hinge pin passes through the hinge halves and clamp block. The ferrule passes through the clamp block and hinge pin. The clamp block contains a set screw which is tightened to clamp onto and grip the ferrule thereby transmitting applied load from the actuator hinge pin to the fiber. Bragg grating Optical fiber Figure 5 is a diagram of the fiber stretcher displacement measurement apparatus. The apparatus consists of a metal base with a fixture at each end. The fixture shown on the left in Figure 5 is a holder for the fiber stretcher hardware assembly. It contains holes at the top and bottom into which fit the portions of the hinge pin extending beyond the fiber stretcher. This adapter prevents the left end of the stretcher from moving laterally while allowing the stretcher freedom to rotate about the pin. The fixture on the right holds a spring-loaded displacement probe. A displacement probe adapter attached to the hinge pin at the right end of the stretcher assembly produces a flat surface with which the spring-loaded displacement probe makes contact. This displacement probe adapter allows measurement of fiber stretcher displacement and contains a hole allowing clearance for the fiber and ferrule to pass through. Electrical leads for the two actuators are wired in parallel so that both actuators flatten when voltage is applied. Figure 5 Diagram showing side view of fiber stretcher displacement measurement apparatus. Fixture at the left end of the base plate holds the fiber stretcher assembly. Fixture at the right end of the base plate holds the displacement probe. A displacement probe adapter attached to the hinge pin at the right side of the stretcher assembly provides a surface for the displacement probe to remain in contact with for measuring displacement during testing. The displacement readout is a Federal Products Corp. model EAS1464 displacement measurement system having measurement range of Ð1.016 mm to 1.016 mm and accuracy of ± 0.0127 mm. The displacement probe is a Federal Products Corp. model EHE1102 displacement transducer having the same range and accuracy as the displacement readout. The OFDR 3 consists of a tunable laser, a simple optical network, and a data acquisition system. The Bragg grating used in this work was produced during the fiber drawing process and has a low reflectivity estimated at 0.004%. Typical Bragg grating readout systems require gratings with much higher reflectivites. However, the OFDR employs a coherent detection scheme and is capable of reading out very low reflectivity gratings. In fact, the OFDR is sensitive enough to measure strains by using Rayleigh scattering from the fiber core 4 in lieu of a Bragg grating. Figure 7 is a graph of displacement vs. voltage measured without stretching an optical fiber. Hysteresis seen in the figure is typical of THUNDER actuators. All piezoelectric ceramics exhibit hysteresis 13 because of the difference in the strain that occurs when a particular voltage is approached from lower voltage vs. from higher voltage. Note the relatively large displacement of the THUNDER actuators. This graph helps demonstrate the improved output motion of the THUNDER actuators compared to the unbonded piezoelectric material. For comparison, we use piezoelectric theory 13 to calculate the displacement of the ends of a unbonded 2.38 cm x 6.03 cm strip of PZT-5A driven with the same 425 voltage signal level used in Figure 7 : In Figure 9 , the same data presented in Figure 8 is re-plotted to compare normalized wavelength shift to fiber grating strain. A linear curve fit to the data points is shown along with the equation for the fit. This figure shows the effect of strain on the optical fiber grating. This measurement follows the well-known model 14 for Bragg grating wavelength shift:
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No-load displacement
DL/L = d 31 V/t ,(1)
Wavelength shift and displacement
where Dl/l is the normalized wavelength shift, e is strain in the fiber grating, x is the thermo-optic coefficient and DT is temperature change. Since the tests reported herein were done at room temperature, the thermal sensitivity term drops out of the equation, leaving only the strain term. The slope in the curve fit equation in Figure 9 is lower than in equation (2) . This is most likely because a gauge length of 4 cm was assumed in calculating strain from the displacement data. The 4 cm length was used because that is the length of fiber between the ferrules. The actual gauge length is probably slightly longer because the ferrule gradually grips the fiber over some portion of the fiber that is in the fiber-to-ferrule bond line. Graph of strain vs. normalized wavelength shift from the same data as in Figure 8 . A curve fit is used to show the linear relationship between strain and normalized wavelength shift. The slope of the curve fit equation is comparable to that in the literature for the effect of strain on fiber gratings.
CONCLUSIONS
The THUNDER tunable laser has been shown to produce wavelength shifts large enough to demodulate Bragg gratings in measurement fibers such as those used in smart structures. Wavelength shifts this large are possible using piezoelectric material because layered construction enables the THUNDER actuators to produce much larger displacements than could be produced by the unbonded piezoelectric material. Measurement results show the expected relationship between normalized wavelength shift and strain. Similar behavior is expected for erbium fiber lasers. The technology lends itself well to being a practical solution for applications requiring small, light-weight, low power consumption tunable lasers. 
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